We performed a systematic analysis of the structure, ferroelectric and photocatalytic activities of Sm and V codoped Bi 4 Ti 3 O 12 (SBVT) ceramics. The formation of 3-layered Aurivillius structure and chemically induced strain of SBVT were analyzed by SEM and HRTEM studies. From the results of structural refinements, temperature dependent XRD and Raman spectra we found that SBVT has a distorted orthorhombic structure and transforms to tetragonal in the temperature range of 475-600 C. 
Introduction
Bismuth layered perovskites of the Aurivillius family have received a lot of attention because of their potential applications in non-volatile memory, electro-optic devices, and microelectromechanical systems.
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Aurivillius phases are characterized by the formula: (Bi 2 O 2 ) 2+ (A mÀ1 B m O 3m+1 ) 2À , where A-and B-sites are in cuboctahedral and octahedral coordination, respectively. The integer m represents the number of octahedral layers. 5, 6 The spontaneous polarization for evenlayered Aurivillius phases is along the a-axis while for oddlayered compounds like Bi 4 Ti 3 O 12 (BTO), it is within the a-c plane, with the major polarization along the a-axis. BTO with monoclinic structure (B 1 a 1 ) has been regarded as a promising candidate for memory devices due to its high Curie temperature (T C $ 675 C) and large spontaneous polarization (P S $ 50 mC cm À2 ). However, it was found that rare-earth (such as La and Nd) doped BTO lms are fatigue-free compared to BTO. Although tremendous research is being made on La doped BTO, the plausible mechanism of La role is required for the complete commercialization point of view. In addition to rare-earth doping, substitution of V 5+ for Ti 4+ helps to enhance dielectric and ferroelectric properties due to the increased rattle space inside the oxygen octahedra. 7, 8 In view of improved ferroelectric properties in A-and B-site doped BTO new rare-earth doped materials are being studied for their applications in memory.
Apart from the use in non-volatile memories, BTO based materials have recently attracted the attention of the scientic community for photovoltaic (PV) and photocatalytic (PC) applications. Aurivillius materials are considered as alternatives to conventional TiO 2 -based photo catalysts, 9 mainly because, in these materials, bismuth shis the absorption into the visible range thanks to hybrid Bi 6s-O 2p orbitals in the valence band 10 and an extended separation of the photo-generated pair e À /h + . 11 BTO lms grown on FTO substrate by a sol-gel technique, were reported to show a maximum PV conversion efficiency of 0.00026%. 12 In a recent study Bi 3. 25 La 0.75 Ti 3 O 12 thin lm grown on p-type silicon with energy bandgap of 3.8 eV was found to exhibit strong visible-light photovoltaic effect with high photoresponsivity. 13 He et al. 14 reported a strong photoresponse and photovoltaic performance for BTO/FTO thin lms that can be modulated either by applying different bias voltages or through different poling states.
14 Chen et al., 15 in a recent study showed that BTO nano-sheets exhibited 79.2% of photo degradation efficiency of rhodamine B under 90 min of sunlight irradiation, larger than that of conventionally calcined BTO. Cao et al. 16 reported that BTO/TiO 2 heterostructures exhibit higher degradation rate of rhodamine B (RhB) than the unmodied TiO 2 submicron bers under visible light. Such an effect was attributed to the extended absorption in the visible light region resulting from the BTO nano-sheets and the effective separation of photo generated carriers driven by the photo induced potential difference at the junction. Hou et al. 17 reported the strong PC activity for a p-n junction photocatalyst of BTO nanobers-BiOI nano-sheets.
In view of above reports it is understood that PC applications of BTO is still an emerging eld. However, most of the reported literature dealt with BTO and PC activity uses organic dyes as pollutants to be degraded in the liquid-solid phase. [18] [19] [20] [21] [22] On the contrary, in this research, modied BTO is used to degrade nitrogen oxides (NO & NO 2 ) that are amongst the major atmospheric pollutants (both indoor and outdoor), being harmful to human beings 23 and responsible for photochemical smog and acid rain; 24, 25 indeed, this is the rst research of its kind to use BTO as a PC material working in the gas-solid phase against such harmful pollutants.
Based on the above salient work carried out on photocatalytic activity and rare-earth doped BTO for memory we synthesized Sm and V doped BTO ceramics. The chosen composition was Sm 0.75 Bi 3.25 Ti 2.9625 V 0.03 O 12 (SBVT). We performed detailed structural studies by in situ X-ray diffraction, Raman spectroscopy and transmission electron microscopy. The photocatalytic activity (PCA) of SBVT material was assessed for the rst time in the gas-solid phase, monitoring the degradation of nitrogen oxides. Results showed that SBVT material was photocatalytically active in the solar spectrum.
Experimental
SBVT ceramics were synthesized by the conventional solid state reaction method. High-purity (99.9%) starting materials Bi 2 O 3 , Sm 2 O 3 , TiO 2 and V 2 O 5 were mixed in stoichiometric ratio and milled for 12 h in ethanol media. The resulting slurry was dried and calcined at 900 C for 2 hours. The powder obtained was again milled for 24 h and pressed under cold isostatic conditions, at 200 MPa, into cylindrical discs with 10 and 25 mm diameter. Final sintering was carried out at 1050 C for 4 hours.
The crystal structure of the specimens was analyzed using the X-ray diffraction (XRD). Prior to the measurements, ceramic discs were powdered and annealed at 400 C for 1 h to release strains. The data for structural characterization were collected using a Phillips X-ray diffractometer equipped with a fast RTMS detector and graphite monochromated Cu K a radiation source (45 kV and 40 mA, 2q range of 5-110 , a virtual step scan of 0.01 and virtual time per step of 798 s). Rietveld renements on the full prole tting of the XRD patterns were accomplished using the GSAS-EXPGUI soware suite. 26, 27 High temperature XRD (HTXRD) scans, in the 2q range , were done in the temperature range 22-700 C, operated with an accuracy of AE1 K using a Pt-Rh thermocouple directly attached to the sample holder. Raman spectroscopic measurements were made using a micro-Raman spectrometer (Horiba Jobin Yvon) with a 532 nm excitation laser, an edge lter for Rayleigh line rejection, and a CCD detector. The laser was focused on the sample to a spot size of $2 mm using a 50Â objective lens in the temperature range 296-500 K, using a Linkam TC91 stage (Linkam Scientic Instruments Ltd., UK). Surface morphology was evaluated by scanning electron microscopy (SEM, VEGA 3, Tescan). The structure and chemistry of the samples were studied using a 200 kV transmission electron microscope (TEM; JEM-2100, Jeol Inc., Japan) equipped with LaB 6 lament and energy-dispersive X-ray spectrometer (EDS). The micrographs were recorded with high-resolution slow-scan CCD camera (Orius DC1000, Gatan Inc.). Samples were scratched from the sintered disc and directly transferred on commercially available Cu grids (200 mesh Cu holey carbon, SPI Supplies/Structure Probe, Inc.) without dispersing in water, to avoid further alteration of the samples.
For electrical measurements gold electrodes were sputtered on polished ceramic specimens. Polarization-electric eld hysteresis loops were measured using the hysteresis loop tracer TF-Analyzer (aixACCT). The dependence of longitudinal strain (S) on electric eld (E) was measured at a frequency of 0.1 Hz in a silicone oil bath using a linear variable differential transformer. Dielectric measurements were performed using HP 4194 A analyzer in the frequency range (100 Hz to 1 MHz) from room temperature to 600 C. Local piezoresponse was visualized using a commercial scanning probe microscope (Ntegra Prima, NT-MDT) equipped with an external lock-in amplier (SR 830, Stanford Research) and a function generator (Yokogawa, FG 120). Here, we used commercial phosphorus doped Si probes (NANOSENSORS) with a radius of curvature R < 10 nm, resonance frequency 13 kHz and spring constant (k) ¼ 0.2 N m À1 .
X-ray photoelectron spectra (XPS) were acquired in an ultrahigh vacuum (UHV) system with a base pressure of 2 Â 10 À10 mbar equipped with a hemispherical electron energy analyzer (SPECS Phoibos 150), a delay-line detector and a monochromatic Al K a (1486.74 eV) X-ray source. High resolution spectra were recorded at normal emission take-off angle and with a pass-energy of 20 eV. For XPS measurements the powder sample was diluted in milli-Q water and a thin lm was deposited on a silicon wafer by drop coating. Aerwards it was annealed under UHV conditions at approximately 400 K to remove surface contamination and water. C 1s spectrum was measured as reference for binding energy (BE) correction. The main peak of C 1s spectrum, assigned to hydrocarbons from adventitious contamination, was referenced to 285.0 eV.
Diffuse reectance spectroscopy (DRS) was used to investigate the optical behavior of the synthesized SBVT specimen, and to obtain information of the apparent optical bandgap (E g ) of the specimen, as this is a key-point in photocatalytic applications. Spectra were acquired in reectance mode using a Shimadzu UV 3100 (JP) spectrometer, equipped with an integrating sphere made of BaSO 4 , in the UV-Vis range (850-250 nm), with 0.2 nm resolution, using Spectralon® as white reference material.
The specic surface area (SSA) was evaluated by the Brunauer-Emmett-Teller (BET) method (Micromeritics Gemini 2380, US) using N 2 as the adsorbate gas, on samples degassed at 120 C. Pore volume (desorption cumulative pore volume, DCPV) and pore size distribution were estimated through the Barrett-Joyner-Halenda (BJH) method. Photocatalytic activity tests were assessed in the gas-solid phase monitoring the abatement of nitrogen oxides (i.e. NO + NO 2 ¼ NO x ), that are amongst the major atmospheric pollutants. 25, 28 The reactor employed worked in continuous conditions and has been previously described in detail by the authors. 29, 30 It is composed of a stainless steel cylinder (35 L in volume); its top was sealed and covered with a Pyrex glass window to allow the light to reach the photocatalyst placed inside it. The solar lamp light source (Osram Ultra-Vitalux, 300 W) was placed 50 cm above the photocatalyst, so as to have a light intensity entering the reactor, and reaching the surface of the photocatalyst, equal to 8 with a relative humidity (RH) of 31%. These parameterscontrolled by a thermocouple that was placed inside the chamber, and a humidity sensor placed in the inlet piperemained strictly stable throughout the tests. The outlet concentration of the pollutant gas was measured using a chemiluminescence analyzer (AC-31 M, Environment SA, FR). Aer having placed the photocatalyst inside the reactor and covered the glass window, the inlet gas mixture (prepared using cylinders with synthetic air and NO x gas) was allowed to ow until it reached a stable concentration of 200 ppb (two mass ow controllers were used to prepare a mixture of air with this concentration of NO x ). Once the desired concentration of 200 ppb was reached and stabilized inside the reactor, the window glass was uncovered, the lamp turned on, and the photocatalytic reaction was presumed to start. Control photolysis experiment was assessed prior to run a real photocatalytic test, and this proved to be negligible, as reported in Fig. S1 . † The photocatalytic efficiency was evaluated as the ratio of the removed concentration of NO x , and the conversion rate (%) of the initial NO x concentration was calculated as:
where (NO x ) O and (NO x ) S are the initial and the NO x concentration aer a certain irradiation time. 31 The SBVT specimen was irradiated for 60 min, and the photocatalytic tests were repeated for a total of ve times, using the very same sample and with the same protocol as the rst test, with the aim of checking the repeatability, recyclability and photo stability of the prepared photocatalyst. Fig. 1 shows the XRD q-2q scan of SBVT ceramic. The synthesis protocol resulted in high purity Aurivillius phase whose reec-tions can be well-indexed to the BTO with B2cb(41) space group 32 despite some minor shiing, overlapping and intensityinconsistency. In order to nd the effect of simultaneous Sm and V doping at A and B sites of BTO we performed Rietveld renement on full prole tting of the XRD patterns, accomplished using the GSAS-EXPGUI soware suite. 26 The starting atomic parameters for the orthorhombic BTO, described by the space group (SG) B2cb, were taken from the previous report of Hervoches and Lightfoot. 32 The following parameters were rened: scale-factors and zero-point; the background prole was modelled using a tenth order shied Chebyshev polynomial function; unit cell parameters and sample displacement effects. The prole was modelled using a pseudo-Voigt function and one Gaussian (G W ) and two Lorentzian (L X and L Y ) terms, as well as peak correction for asymmetry were used to model it. Moreover, preferred orientation along [001] was also rened, adopting the March-Dollase approximation. 33 Atomic positions and isotropic displacement parameters (U iso ) were rened too; the sum of the occupancies of Bi and Sm was constrained to the unity in all the renements. Furthermore, the same atomic positions and U iso were given to these two atoms, and restrained to be identical. As per Ti and V, this latter atom was not considered in the structural renement, because of its tiny amount in the BTO, and also because it is difficult to differentiate between Ti and V due to their similar scattering factors. Consequently, it has to be stressed that the rened titanium atomic positions, U iso , and occupancies, are actually the sum of Ti plus V. Once the bond lengths and bond angles were calculated from the listing of distances and bond angles from GSAS, they were used to obtain a 3D rendering of the orthorhombic phase, via the VESTA soware package.
Results and discussion
34 Also, the distortion index (D), quadratic elongation (QE) and bond angle variances (BAV) of the TiO 6 octahedral sites in the orthorhombic phase were calculated, according to the formalisms of Baur, 35 and Robinson et al., 36 respectively. The unit cell parameters, unit cell volume, Rietveld agreement factors and crystal structural data are listed in Tables 1-3. The rened lattice parameters, as listed in Table 1 37 Structural changes of SBVT can be ascertained from the structural distortion parameters 38 such as orthorhombicity [2(a À b)/(a + b)], tetragonal strain (c/a) and orthorhombic distortion (b/a) which are calculated to be 0.0032 (0.0066), 6.061 (6.0323) and 0.9967 (0.9934) respectively for SBVT(BTO). From these parameters, it can be seen that the addition of Sm and V has the effect of increased tetragonal strain and reduced orthorhombicity. As it is seen in Table 3 , the (Ti1O 6 ) octahedral site is more distorted than the (Ti2O 6 ), in terms of D, QE, and BAV. This result is also visually depicted by the 3D rendering of SBVT in Fig. 2 (a)-(c). Table 3 also reports the A-O bond length distances and B-O-B bond angles. It is clear that the average Bi1-O and Bi2-O distances 2.555(3) and 2.411(1)Å respectively, are shorter compared to that of BTO (2.749Å and 2.682Å). 32 These results indicate that the BO 6 octahedra are relaxed aer doping with Sm 3+ and V 5+ .
To track structural changes of SBVT with temperature we performed HTXRD measurements in the range 30-700 C and the results are presented in Fig. 3 (a)-(d). We observed a shi of characteristic (117) peak towards lower 2q positions indicating the unit cell expansion with temperature (inset of Fig. 3(a) ). With the increase in temperature the lattice reections (020) and (200) phase transition ( Fig. 3(c) ). Meanwhile, the reections (220) and (1115) merge to a single peak with the increase in temperature ( Fig. 3(b) ). As compared to (220), the (1115) reection shis towards lower angle side more signicantly and merges with (220) above 475 C. It is known in BTO that the c-axis thermal expansion is larger than that of a-and b-axes. 39 Hence the lattice reections of c-axis shi substantially such that the (1115) and (220) merge to a single peak. The lattice parameters a, b and c of the orthorhombic structure increase linearly due to thermal expansion on heating while the b-axis exhibits a signicant decrease around 475 C and then approaches the a-axis of the tetragonal structure. This temperature can be considered as the Curie temperature (T C ) which is $675 C for BTO. As shown in Fig. 3(d) , a-and c-axis show an increasing trend with temperature with no inexion in the T C region. The orthorhombicity decreases with temperature and exhibits a slope change around T C . We did not achieve the equality a ¼ b above 475 C and no appearance or disappearance of XRD lines, indicating that the structure achieves a pseudo-tetragonal structure with the validity a 0 z b 0 z O2a T similar to that observed in BTO by Hirata and Yokokawa. Table 3 it is clear that the average Ti-O distance of SBVT is shorter and the octahedral tilting is reduced compared to BTO. 32, 44 The relaxation in structural distortions can also be seen from the orthorhombicity, which is 3.24 Â 10 À3 and 7.24 Â 10 À3 for SBVT and BTO respectively. These results match well with the signicant shiing of Raman modes corresponding to octahedral tilting. We measured temperature dependent Raman spectra in order to understand the effect of Sm and V doping on the phase transition behavior of BTO in the temperature range 22-600 C and the results are shown in Fig. 4 The intensity of high frequency modes shows a gradual 
153.3(1) Fig. 2 (a) 3D rendering of SBVT, in the ball-and-stick and polyhedron models, obtained using the structural data extracted from GSAS. (b) Along the a-axis direction; (c) along the c-axis direction. In the 3D renderings, the small dark grey spheres represent oxygen, the bigger light-blue sphere titanium, whilst the bigger violet spheres bismuth (in it is shown the fraction of samarium, magenta color).
decrease with the increase in temperature, which can be attributed to the decrease of optical penetration depth due to the increase of conductivity as well as the decrease in the deformation of TiO 6 octahedra in the region of structural phase transition. 45 From the HTXRD studies ( Fig. 3(d) ) the O-T transition is expected around 475 C and the mode weakening/ disappearance observed in Fig. 4 corroborates the phase transition. These effects at high temperature can be ascribed to the anharmonic phonon-phonon interactions of the lattice leading to thermal disorder. 45 With the increase in temperature, there will be a change in bond length between oxygen and cations which is also responsible for the shiing of peak positions.
The phase transition of BTO is known to be around 675 C and the drop in T C for SBVT can be understood by the following: the so mode of BTO (around the wavenumber 30 cm À1 ) is determined by the difference between the short-range repulsive force and the coulombic force. The vanishing of the so mode around O-T transition is the result of the balance between these two forces. The replacement of smaller Sm 3+ for Bi 3+ is expected to change the short-range force constant that may suppress the orthorhombic distortion and lower the phase transition temperature. The ferroelectricity of BTO-based materials is related to the displacement of Bi atoms along the a-axis with respect to the TiO 6 octahedra. 46 From Fig. 4(b) and (c) it is noteworthy that the modes corresponding to Bi atomic vibrations experience the phase transition earlier than those of octahedra as the bending of octahedra can be disturbed by the vibrations of Bi atoms in perovskite slabs. The microstructure and crystallinity of SBVT samples were studied by electron microscopy. Fig. 5 shows the SEM micrograph of platelet-like crystals typical for Aurivillius -type structure, caused by the anisotropic structure. No secondary phases were detected, which is consistent with the XRD results. The samples are uniform and dense with randomly oriented platelets with an average size of 5 mm long and 0.9 mm thick. From the SEM cross-section we can conclude that the porosity is mainly located at grain boundaries. It has to be noted that an elongated morphology is reported to be favorable for photocatalytic applications. 47 More detailed crystallographic studies were made by TEM. Fig. 6(a) layers. These features clearly conrm the n ¼ 3 structure of highly crystalline Aurivillius SBVT phase with no intergrowths caused by phase separation. Fig. 7(a) shows a HRTEM image of SBVT in [001] orientation parallel to the electron beam. The coherently spaced lattice fringes can be seen from the high magnication HRTEM image ( Fig. 7(b) ). The corresponding selected-area electron diffraction (SAED) pattern in Fig. 7 (c) shows a near four-fold symmetry as the lattice parameters a and b are similar. The most intense spots in the pattern could be indexed to the room temperature orthorhombic cell with a and b parameters estimated to be $5.55Å, which is in good agreement with XRD data. The chemical composition of SBVT studied by TEM-EDS (inset of Fig. 7(a) ) reveals the presence of Sm, Bi, Ti, V and O atoms. From the atomic percentages we can conrm that the calculated cationic ratios match well with the expected ones. Dielectric measurements were carried out in the temperature range C and the results are presented in Fig. S2 . † With the increase in temperature dielectric constant (3 0 r ) and the loss (tan d) values increased steeply due to the increase in space charge polarization at lower frequencies. A clear T C can be seen from the 3 0 r measured at frequencies $100 kHz; at 100 kHz 3 0 r is 130, tan d $ 0.003 and T C ¼ 495 C (Fig. S2a †) . The tan d also exhibits inexion point at this temperature (Fig. S2b †) , obeying the results of HTXRD and Raman studies. The onset of decay in FWHM vs. temperature curve of (200)/(020) XRD peak (Fig. 3(c) ), observed around 490 C, is thus related to T C .
The room temperature ferroelectric properties are depicted in Fig. 8 . SBVT ceramic exhibited well-saturated P-E hysteresis loops without dielectric breakdown. The remanent polarization (2P r ) and coercive eld (2E C ) were 40.66 mC cm À2 and 145 kV cm À1 , respectively. The saturation properties were characterized by the evolution of P r , P max (P S ) and E C as a function of applied eld (Fig. 8(c) ). The P r and polarization P S shows a pronounced increase with the applied eld, while a gradual increase was seen in the region of E z 2E C . The polarization current ( Fig. 8(b) ) reaches a maximum value at the drive eld of about E C (Fig. 8(c) 51 In BTO, the doping of rare-earth elements is supposed to reduce the oxygen vacancies and improve polarization and ferroelectric fatigue resistance. The enhanced polarization of SBVT compared to other rare-earth doped BTO is due to the smaller ionic size of Sm, resulting in larger structural distortion. The SBVT ceramic has larger BAV and tetragonal strain compared to BTO. At the same time the presence of higher valence V 5+ for Ti 4+ is effective to suppress the oxygen vacancies/vacancy complexes accumulated near domain boundaries resulting in domain pinning and reduced P r .
7,8
The piezoelectric strain measured for SBVT is shown in Fig. 8(d) . The S-E loop of SBVT ceramic shows a typical buttery shaped loop for ferroelectrics. The S 33 max observed at the maximum electric eld, $0.02 Â 10 À3 , is comparable to the same observed for spark plasma sintered Bi 3.15 Nd 0.85 Ti 3 O 12 ceramics. 52 The Aurivillius materials have lower piezoelectric strain compared to conventional ferroelectrics such as Pb(Zr,Ti) O 3 due to the two-dimensional orientation restrictions by rigid (Bi 2 O 2 ) layers. The piezoelectric strain changes in this class of materials are related empirically to structural distortion by a factor (a À b)/b (%), which is related to the presence of non-180 domains which appear when they are cooled through the T C in order to minimize electrical and mechanical internal energy. Based on the unit cell parameters of other rare-earth (La, Nd, Pr) doped 37, 42, 48, 50 and V-doped BTO 7 we found that the structural distortion of SBVT (0.32%) is stronger. The internal stresses are expected to be higher in the lattice with small structural distortion which is not reduced fully by the formation of non-180 domains.
We measured XPS spectra in order to see the defect states of different ions of SBVT composition. Fig. 9(a)-(d) and S3(a) -(c) † shows the high resolution XPS spectra obtained for Ti 2p, Bi 4f, Sm 3d, V 2p and O 1s core-levels. The BE and FWHM of the Bi 4f 7/2 , Ti 2p 3/2 , V 2p 3/2 , Sm 3d 5/2 and O 1s peaks for the SBVT sample are summarized in Table 4 . The BE of the sharp peak in the tted Ti 2p spectra (Fig. 9(b) ), at 458.4 eV, is typically assigned in the literature to Ti 2p 3/2 in TiO 2 chemical environment. 53, 54 The sharpness and symmetrical shape of this peak indicates the presence of titanium in only one oxidation state, Ti 4+ . Moreover, three extra components were tted in the titanium region, in order of increasing BE: Ti 2p 1/2 , at 5.7 eV from Ti 2p 3/2 , Bi 4d 3/2 and a Ti 2p satellite peak. The Bi 4f spectrum ( Fig. 9(a) ) shows two well separated symmetric peaks, corresponding to Bi 4f 7/2 and Bi 4f 5/2 , with an orbital splitting of 5.3 eV. The Bi 4f 7/2 peak appears at a BE of 159.5 eV, in good agreement with the values assigned in the literature to Bi 3+ in compounds like Bi 2 O 3 , or Bi 2 Ti 2 O 7 . 55 The presence of Sm at Asite of perovskite lattice can be conrmed from the Sm 3d core level XPS spectrum (Fig. 9(c) ). The Sm 3d 5/2 and Sm 3d 3/2 levels are observed at binding energies of 1083.3 and 1110.1 eV, respectively. The shape of the spectrum and BE values indicates a Sm 2 O 3 chemical environment. 56 The features targeted in green in the gure point at the contribution to the spectrum from the Ti LMM Auger peak. The V 2p spectrum shows two small peaks corresponding to V 2p 3/2 and V 2p 1/2 . Furthermore, the tail of the O 1s peak appears at higher BE ( Fig. 9(d) ). The V 2p 3/2 peak can be described as a broad peak centered at 516.9 eV. The BE and the broadness of the peak suggests the contribution of mixed oxides of V 4+ and V 5+ . Nevertheless, within our XPS data it is difficult to clearly quantify the ratio between these two components. From these results we conrm that co-doping Sm and V at A-and B-sites of BTO lattice resulted in the reduction of Bi loss during high temperature ceramic processing as well as oxygen vacancies/its complexes. These factors help to improve ferroelectric polarization and fatigue resistance, 7, 8 revealed in the inset of Fig. 8(c) and S4 † where the normalized polarization shows no signicant degradation up to 10 8 switching cycles.
In order to observe piezo-response (PR) at the granular scale and observe domain switching of SBVT, we performed PFM measurements. The PR was measured from the mirror polished surface of the sample aer thermal etching. Fig. 10(a) shows the topographic image of SBVT which is dominated by parallel grooves resulting from the polishing process. The out-of-plane PR amplitude and phase scans, depicted in Fig. 10(b) and (c) respectively, clearly show domains near 5 mm size, attesting genuine PR contrast without any relevant cross talk to topography which has regular grooves and very low rugosity averaging $1 nm, although it is possible that domain size and walls could be delimited by grain boundaries. Fig. 10(d) and (e) represent the PR amplitude and phase scans respectively, aer bias lithography local poling experiments with AE30V dc (as outlined in Fig. 10(a) ). The PR amplitude contrast presented in Fig. 10(d) reveals a signicant imprint and domain reversal features with no visible surface damage, although the PR phase visible in Fig. 10(e) does not present such a strong response. The poor piezoresponse in phase in these experiments can be due to the low dielectric constant between the tip and sample surface as observed in our previous work on piezoelectric ceramics. 52 Local piezoresponse hysteresis loop measured by applying a dc voltage of AE40 V between PFM tip xed above the surface and bottom electrode of the sample is shown in Fig. 10(f) . The observation of clear hysteresis suggests the switchable piezoresponse at the nanoscale. Clear hysteresis loops observed for different grain positions indicate that there is no signicant effect of grain orientation on local polar character. These studies attest the domain switching and ferroelectric character of SBVT ceramic at the nanoscale. Fig. 11 shows the UV-Vis diffuse reectance spectra measured on SBVT powders. The electronic transition in the Aurivillius Bi 4 Ti 3 O 12 phase is assumed to be indirect allowed, 57 thus the apparent optical E g was calculated via the Tauc formalism, that is a plot of (ahn)
1/g as a function of the photon energy (hn). 58, 59 The coefficient a can be derived by the KubelkaMunk theory:
2R N hFðR N Þ where k and s are the absorption and scattering coefficients, a is the pseudoabsorption coefficient. As SBVT is an indirect semiconductor material, the coefficient g is equal to 2, thus, the apparent optical E g of the semiconductor material was obtained from the x-axis (a ¼ 0) intercept of the line which is tangent to the inection point of the (ahn) 1/2 vs. hn curve. This was found by tting the transformed Kubelka-Munk equation against the photon energy with a sigmoidal Boltzmann function. The apparent optical E g value was aerward obtained from the x-axis intercept of the line tangent to the inection point of that curve. SBVT spectrum consists of two distinct absorption edges, the rst one, at around 400 nm, the other at approximately 600 nm, as shown in the inset of the gure. The absorption edge located at higher energy, corresponding to an apparent E g of 2.88 eV (431 nm), noted here as E 1 g , is consistent with the E g for Bi 4 Ti 3 O 12 found by Liu et al. 21 On the other hand, the E g found at lower energy, noted here as E 2 g , and estimated to be equal to 2.02 eV (613 nm), can be due to contributions of samarium and/ or vanadium from the valence band states (hybrid orbitals of Bi 6s and O 2p) to the conduction band states of Ti 3d. 61 A conceivable scheme depicting the electrochemical band edges of SBVT -relative to the normal hydrogen electrode (NHE) at pH ¼ 0 -can be drawn. The band edge positions of the conduction band (CB) minimum, as well as of the valence band (VB) maximum of a semiconductor material, can be evaluated knowing the absolute electronegativity values of the constituent atoms of the material:
Here E g is the band gap of the semiconductor material, that was already determined via optical spectroscopy, E 0 is a scale factor, equal to À4.5 eV for the NHE, c A a B b C c is the absolute electro-negativity of compound A a B b C c which can be calculated by the formula:
where c A is the Pearson's absolute electronegativity of element A. From these calculations, we obtained that the VB maximum of our SBVT is located at 2.87 eV, and consequently, we can represent the band structure of SBVT, together with the interband transitions due to Sm and V, in Scheme 1.
From these ndings, the synthesized SBVT, absorbing indeed visible-light, can be used as a visible-light driven photocatalyst.
PCA results in the gas-solid phase are shown in Fig. 12 (a) and (c). In dark conditions, there is no degradation of the pollutant gases. Aer the equilibrium into the reacting system was reached, and the PC reaction was enabled to start, we observe a clear decrease in the NO x concentration. Aer 60 min irradiation time, the SBVT specimen degraded 12% of the starting NO x amount. The mild PCA of SBVT specimen might be mainly due to its low SSA, that was estimated to be 1.2 AE 0.1 m 2 g À1 . Also, from the sorption isotherms, Fig. 12(d) , we know that the material is a mesoporous material, being the isotherm of type IV, and the presence of no micropores was detected (t-plot, inset of Fig. 12(d) ).
To check the stability and reusability of the sample, PC tests were repeated using the same specimen and protocol as in the rst test. Results (for the rst 20 min of reaction), are shown in Fig. 12(b) and Table 5 . In these, PCA results are given as the apparent pseudo-rst order rate constant, k 0 app . This was done because it is now well established that PC degradation rate obeys Langmuir-Hinshelwood kinetics:
where C 0 is the initial NO x concentration, C is the NO x concentration at time t, and k 0 app is the apparent pseudo-rst-order rate constant. The linear plot between ln(C 0 /C) and . The blue line and the dashed red line represent the x-axis intercept of the line that is tangent to the inflection points of the curve (i.e. apparent optical indirect E g s as calculated using the Tauc procedure). In the inset is reported the DRS spectrum of SBVT.
irradiation time (t) reveals the PC reaction to follow pseudo-rst order kinetics.
As depicted in Fig. 12 and Table 5 , SBVT showed itself to be a very stable and reusable photocatalyst. A further proof of the stability of the SBVT as photocatalyst is given by their XRD patterns, recorded before and aer ve consecutive photocatalytic runs. As it is shown in Fig. 12(c) , SBVT did not display any impurity due to decomposition, nor phase separation, this clearly reveals that neither photo-corrosion, nor photo-leaching happened during NO x degradation; furthermore, the specimen also kept its crystallinity aer ve photocatalytic tests. This conrms the stability and durability of the catalyst under those experimental conditions.
As 
On the other hand, photo-generated holes might also react with water molecules adsorbed on the surface of SBVT, giving: 
As shown in eqn (4) and (8), the nal product of NO x degradation is nitric acid. HNO 3 produced on the surface of the photocatalyst might actually act as a physical barrier, and might inhibit the PC reaction 67 -this also explains why the repeated PCA tests were carried out for up to 20 min solar-light irradiation time. 54 For this reason, a further PC test was assessed until 160 min irradiation time, till the reaching of a plateau. This is reported in Fig. 12(a) , where it can be seen that the NO x degradation stops at $120 min irradiation time, reaching a maximum degradation of $17%. In any case, it has to be stressed that the formed HNO 3 can be easily eluted from the photocatalyst into water. 
Conclusions
We studied temperature variation of structural properties of Sm and V co-doped BTO ceramics by means of in situ XRD and Raman spectra. We found that SBVT ceramics have an orthorhombic structure with large structural distortions compared to pure and other rare-earth doped BTO ceramics which was attributed to the difference in ionic radius. With the increase in temperature a systematic increase in lattice parameters with an anomaly around the ferroelectric-paraelectric transition temperature was observed. A strong decrease in orthorhombicity and growth of tetragonal peaks in the vicinity of T C were seen. From the thermal evaluation of Raman modes of several A-and Bsite modes we found that the bending Bi atomic vibrations of perovskite slabs experience the phase transition earlier compared to torsional bending of BO 6 octahedra. From the ferroelectric and piezoelectric studies, it was conrmed that SBVT presents strong ferroelectric domain switching properties compared to other rare-earth doped BTO ceramics, making it a suitable material for memory applications with resistance to polarization fatigue up to 10 8 switching cycles. SBVT possesses a lower energy bandgap of 2 eV compared to its parent compound which can be a candidate for photovoltaic applications as the PV conversion efficiency is reported to be improved for smaller bandgap ferroelectrics. By means of gas phase-solid photocatalysis test we observed that the sample exhibited a mild, yet reproducible PC activity, being the photocatalyst stable and recyclable. The low PC activity in this study was due to the lower specic surface area and the results can be improved when prepared in nano scale.
Note added after first publication
This article replaces the version published on 1st February 2017, in which an incorrect version of Fig. 1 was presented through editorial error. 
